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SUMMARY

Supplementing EM-1543, values of the equilibrium compusition end
thermodynamic properties of eir are presented at two additional tempera-
tures, 10,000 and 50,000°K. The pure ideal-gas properties needed for
these ¢alculations are included. Equilibrium values for the principal
charged particles at 1000 and EOOOOK, and for the CN molecule between
1000 end 8000°K are also listed. Finally, the themmodynamic properties
of air between 1000 and 10,000°K at high densitiea (10 to 316 times
standard density) sre tabulated. These properties are calculated to

includie eapproximate corrections for the intermolecular interactions.
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INTRODUCTION ARD DISCUSSION

Tablea of the equilibrium composition and tnermodynamic properties of
air for eleven temperatures between 1000 and 24,000 %% and eight densities
between 1\'.1-6 and 10 times standard density were presented several years ago
in RM-1543, (1) Since that time Hilsenrath and Beckett of the Bureau of
Standards have published more complete tables of thermodynamic properties®2’>)
covering a wider range of temperatures and densities with many more inter-
mediate points. However, they have not published the equilibrium composi-
tion valueg obtained in their work; moreover, these valuea, even if pub-
lished, would not satisfy all practical needs because of omiassion of caruvon
compounde and argon in the calculations. Consequently, as varioua practical
problems involving the equilibrium air composition bave arisen, calculations
supplementing thoss of PM-1543 have been made. The results are collected

in the present memorandum. In addition, neither the RAND nor the Buresu

of Standarde thermodynamic calculations included corrections for gas
imperfaction dus to forces between the molecules, which are significant at
the higher air densities. The results of some corrected calculations are
reported herein.

Tables 1 to 5 supplement RM-1543 by presenting data for two asdditional
temperatures, 10,000 and 50,000 °K. The pure ideal gas propertics listed
in Tables 1 and 2 were calculated using the same methods and spectroacopic

data as in the earlier work.(l)

These values were then used to compute
the squilibrium compoaition, Tables 3 and h. The equilibrium thermodynamic
properties were calculated for 10,000 “k (Table 5) but not for 50,000 °K,

since the values in Ref. 3 should be accurate for the latter temperature.

T e
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The tabulated values for pressure, entropy, and number of moles per mole
of cold air at 10,000 %k agree reasonably well with the values of Hilsenrath
and Beckett,(a) considering the neglect of argon in the latter calculations.
For the energy, however, there are differences of 7, 2 and 6 per cent at
p/pCJ = 10, 1 and 10-6, respectively, while the agreement sc other densities
is within 1 per ceni. These differences are quite surprising because no
such differences were found at 8000 or 12,000 OK.(]‘) The calculstions for
the three points in question were rechecked, but no error was found.

In RM-1543 the equilibrium amounts of charged particles at 1000 and
2000 %K were not calculated, since they comprise lees than one-billionth
of the total particles. However, there is some interest in the charged
particles, since even a very tiny fraction can affect the propagation of
radio waves. The results of calculations are given in Teble 6. As.
indicated on the table, some of the results are sensitive to the value
agsumcd for the electron affinity of 02, which is still uncertain experi-
mentally. Consequently, Table 6 contains two values for each quantity,
corresponding to two possible values, 1.0 and 0.8 ev, for the affinity.(h)
Recently, papers indicating that this affinity may be as low as Q.15 ev
have been published,(s’ 6) although the present writer favors a value larger
than 0.4 ev, for reasons wvhich will be published later. In addition to
this uncertainty, it should be noted that the presence of even a few parts
per million of an easily ionizable substance can increase the number of
free electrons by several orders of magnitude at these temperatures.

The values listed in Table 6 for an affinity of 1 ev agree within
10 per cent with values given in a recent Douglas Aircraft Feport,(7)

except for obvicus errcrs in the latter values for 0 at 1000 °K and
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o/p, = 1 and 107, and at 2000 °K and p/p, ™ 1 acd 1072,

The molecule CK is present in such small amounts in equilibrium air
that it wap omitted in the calculations of RM-1543. However, it is such an
efficient rediator of visible light that it makes a significant contribu-
tion to the total radiation from alr over a considerable range of tempera-
tures and densities.(e) For this reason, equilibrium velues for CN in air
between 1000 and 8000 °K bave been calculated, end are presented in Table Te
These results are based on ideal-gas free energy vilues of Johnston, Delzer
and Savedorr'?) (extrapolated ror temperatures above 6000 °k), and a
dissociation energy D{CN) = 7.59 ¥ 0.09 ev obtained recently by Knight
and Rink.(lo) Although it was found very recently that the evidence for
this value 1s not as conclusive as previously supposed, it still appeers
to be the most probable va.lue.(ll)

Neither the RA.ND(]') nor the Bureau of Standards(a'j) thermodynamic
calculations include corrections for gas ilmperfection, which typically
amount to about 1 per cent at ;:;/p0 = 10, and 10 per ccnt at p/p0 = 100.

To make such corrections accurately at high temperatures, one needs infor-
mation not only on the familiar interactions between ground-state molecules,
but also on the interactions between excited molecules, atoms and ions.
Knowledge of the latter is far from complete, although seversl papers on
this question have recently been published. Fortunately, at high densities
the degree of dissocietion is moderately smwall and the degree of ionization
quite small up to mbout 10,000 °Kk. iHoreover, the fraction of excited
molecules 1is mnll,(l) except for the lowest excited state of 02, vhich

bas an interatomic distance and otber properties nearly the same as the

ground state. Also, the fraction of NO does not exceed 10 per cent and

-
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its interaction energy 18 not greatly different from that of N2 or 02.
Thus, it 1s reasonsbie to use a mean intermolecular potential for "air"
molccules derived from measured second virial coefficients and represented
by a lennard-Jones 6-12 potential with constants ¢/k = 102 °K and

o = 3.62 R.(l‘?) Existing tables and fomulas(la)

cen then be used to
cnolculate the second and third virial coefficients and the corresponding
corrections to the pressure, energy and entropy, for all temperatures
for vhich the assumptions discussed sbove are reasonable.

The resulte of such calculations, with the additional assumption
that the intermolecular forces do not change the chemical equilibrium
constants significantly, are presented in Table 8 for temperatures be-
tween 2000 and 10,000 °k and density ratios between 10 and 316. For the
highest density considered the corrections to the pressure (and to 2 =
PV/RT) are roughly 50 per cent, and the accuracy of the tabulated values
of P and Z 18 estimated to be within 10 per cent. Corrections to the
energy and enthalpy are only a few per cent at p/po = 316, while corrcctions
to the entropy are almost negligible; the probable errors in these quantities
are correspondingly smaller. All corrections vary approximately in direct
proportion to the density, so that at p/po = 10 even the pressure should
be accurate to better than 1 per cent. The significant differences between
the values of Table 8 and the values of Filsenrath and Beckett(a) are due
almost entirely to the corrcctions for gae imperfection, except at 10,000
c'K, where the discrepancies already mentioned in connection with Table 5
show up even more prominently at the higher densities. The reason for these

discrepancies is not known.

e g
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“Not calculated.

Table 1 12'50'5?
Ideal Gas Internal Energies and Free Energles at 10,000 Oi{.
£ - E° F - E°
Specles BT e RT 2
N, * 4413
co 3.55 33.965
co’ 3,92 34,777
v, 3.52 33,147
Nl; .19 34.560
NO 3,54 35.776
No' 3.61 34.015
0, 4,46 36.221
0, h.o1 35,470
oy 3.87 35.225
e 1.5000 8.7917
c 1. 7088 25.h12k
o 1.5319 24,8792
N 1.9522 24.8728
N 1.6493 25.5664
wt 1.5210 25.0957
AN 1.5055 23. 3206
o 1.. 5000 25. 3114
0 1.6385 25.7623
o 1. 7170 24,9615
o't 1.6186 25. 7177
o't 1.5371 25.2746
Ne 1.5000 23.8680
Ne' 1.5348 25.6236
A 1.5005 24.8920
N 1.5596 26.6196
A 1. 7184 27.0923

T
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Table 2

Ideal Gas Internal Fnergies and Free Enmergles at 50,000 “K (kT = 4.31 ev).

) P -°

Specles T o - —ﬁ—o-
e 1.5000 12.8153
N 3.5604 30,8844
N 2.3869 30. 1583
i 2.2220 29.5472
) A 2.8057 28.2394
Y 30909 30.8530
o’ 2.3800 29,9746
o™ 1.9616 30,1529
ot 2.0763 29.5995
A b, 3846 31.1528
At 2.9268 31.1016
A" 22153 31,5795

Values for the neutral species are quite approximate, because of the

arbitrary electronic cutoff (see RM-1543),

Ly P
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Teble 3 7
*
Equilibrium Composition of Dry Air at 10,000 %k

URITS: Particlea per Air Atom (Multiply by 1.9910 to get Moles per Mole of Air)

Density Ratio p/po

i?iie 10 1 107 10?107 10t 107 1076
o, 5226 8318 1,160 1.7 Lo 62276 1718 o322
co 103" 2.587° 2.35'6 2,297 1.3378 4,760 g,13712 3,371
cot 1.6677 1567 5.727%  147® 2,789 mue”® o517l g8
n, 2507 11371 2,002 2,157 1907 1,277 37877 21279
n'oL 297 2™ 1.297% 4370 126 20478 31T 13378
0 23572 50970 7.9 .64 6,89 u.89"T  1.6678  1.077%°
wo' .46 6.6t 2,957 96570 2,837 6,997 10076 11578
o, g.ou 1 a.&'i g8.41710 2.59"2‘1 7.26™3 15871 ¥ 167710
0, 1.01'_'2 1.25'6 1287 1260 11577 a.7079  3.37710 L5712
0, %360 20270 6. 88”7 2,177 6.2 1.69° 2,787 1.33710
e L0970 28777 8.77° 2.12 ez ? o2t 5.1t g.g07t
c 5.7 1™t o™t 1.t 6,917 .86 7. 33'6 1.2876
¢t 5.7 s5.00® L.77° w6 9.10” Lt Les2t st
¥ 25970 s5.97% 7u3sTl 7567 .13l s.eet 3as™l L5272
N 1,997 1.607° 7.03° 2.317% 7.107% 2.02"% 466"t 7.097%
o122 s 5o 5672 s.e? s.59720 577?58
F o2 ® a5 1015772 38873 1.26720 4035728 1,807 1,137
0" T7.6677 2,230 6. 97'6 2.6 6. T 15877 2,378 g,g8"10
0 L8™F 2.05% 2,097 2.077% 1987t 1727t 107t 2.927°
o' g2’ 396 L2? 119 13? e ? Lot et
o™ 3.18710 5,087 5.50% 563 567714 5,99710 67072 75171
ot 5.&2'1‘2 2.07'1‘0 7.';0'59 2,417 7.33'36 2.90'51‘ 1.57'32 9.39'31
Be 2.007 2.007° 2.007 2.007 2.007 2.007° 2.00™ 1.987°
Fet 1307 937 1417 5,670 16877 s.ev? 2487 15777
A 16977 16970 4.6870  4.6570 L5770 W30T0 342”0 1,380
A 97T a7t LwT s 1167 378t 12870 33070
A™ 15736 0097 oo 2.08713 2,372 o707 38770 6.u0”?

*
For all values, the power of ten is indicated by a superscript. The standard

denaity 18 p, = 1.2931 x 1072 g,m/c:ur7> (corresponding to 1 atm. pressure at
273.16 °K).
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Teble 4

Equilibrium Composition of Dry Air at 50,000 °x.

*
UNITS: Particles per Air Atom (Multiply by 1.991 to get Moles per Mole of Air)

Density Ratio p/po

el 10 1 101 10?107 1% 107 10
e 7551 123°  1.76° 2.11° 2.58°  2.92° 2.9 3.00°
N 2327 3762 19170 2,957 2.0077  4.3070 408713 14,9476
¥ sl 501000 1.7t 2033 12973 2457 T 27570
¥ o3e1? 257l osueet 621t aeewl w772 5.6 s.ah
o2 seet 1502 1mt ksl .36l a9l aewl
0 6.0872 1.082 6.967% 1.37° 13877 435710 s5.39713 5 50716
o 1l 1,560 7,057 11372 gt 2,640 32077 3,267
o™ 6.5877 k382 1,387 Les™* 127l 5122 36970 377
o™ 178 5.9 13377 Lu7? a9 1807l 2,07 2t
A B.627  7.257%  2.06%  nw® w110 60772 6357 635726
At 2,370 14670 20897 36870 h52® 5,157 5,058 50579
A" 10070 33670 k4070 K650 K6970 56970 k6970 k6970

*
For all values, the power of ten is indicated by a superscript.




Table 5 RM-232€

o 12-30-59
Thermodynamie Properties of Air at 10,000 'K 9
Density Ratio p/po
-6
10 1 1072 1072 1077 1074 1072 10

Preapure, Atmospheres

5.2062  6.425"7  7.181°  7.48571  7.902@  9.05577 1.0 1.37%

Pressure, Dynes Per Square Centimeter

5. 366 6.508"7 7.276"6  7.504%%  B.006**  9.175™d  1.159"3  1.306%2

Internal Energy, E - Eo' Calories Per Gram

L +h s +i

5.509'7  7.829*7 9.308*7 1.013*% 1.156™*  1.543 2.352"% 2,978

Internal Energy, E = Eo’ Electron Volts Per Atom

3.526°  4.936°  5.92°  6.395°  7.206° 9.737° eyt 1878

Internal Energy Density, (E - E )p, Zrge Per Cubic Centimeter

+8 +6

5.085"7 5,482 b

3.028"7 L4036 6.2577 8.350"% Leps™t  1.611°7

Dimensionless Internal Energy, (E = Eo)/RT {Per Initial Mole of Air)

8.7 vam*t 3ttt 168" .50t mlootl g, auetl

Entropy of Dry Air in Chemical Equilibrium, 8/R Per Mole of Cold Air

5.868"  hsmtl s.o6utl 5.839"1 653"l .62l g.365Tl 1,138t

Number of Moles Per Mole of Cold Air

1.845°  1.758%  1.966°  2.0w®  2.158° 2.7 31080 37630

Effective Bpeeific Heat Ratio for Shock Vaves, y' = 1 + P/pE

11770 1.1581°  1.oaw3s® 1.132°  1,1280°  1.2009°  1.00128°  1.08670°

Note: For all values, the power of ten is indicated by a supcrscript.
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Table T
Number of Moleeuwlcs of CN per Air A'com‘I
(Multiply by 1.991 to get Moles per Mole of Air)
Density Ratio p/p0
Temperature
o 10 1 1071 1072 1072 107 107 1078
000 1.05"% 3™ 105" 532 10571 3,37l 1.05780 3,370
2000  9.27 22 2.95'21 9.22"21 2.92'20 9.01'20 2.73'19 7.h5'19 1.75'18
3000 170%™ 113713 o087 s pieeld 2063712 20712
hooo .63 g5t 145719 345710 1079 3179 95170 2.697°
5000 3.0  6.477 15178 n2”® 1,297 3,237 30577 5.667°
6000 6.18°°  1.077 38T 907977 1260 33677 oz o.3979
7000 5.80 1.45276 5.16'6 2.67'6 o™ 43778 2,667 113710
8000 3.09° 64976 5650 1.13% 1057 6709 2,880  .9371

*
For cech value, the power of ten is indicated by a superacript. These values are

based on D{CN) = 7.59 ¥ 0.09 ev.

(10)

.
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log p/p,

2.5
2.0
1.5
1.0

2.5
2.0
1.5
1.0

l-'l_-'l.\Jl‘J
oW oW

Table 8

Thermodynamic Properties of High-Density Air'

Z = PV/RT

1.610
1.154
1.045
1.014

1.613
1.161
1.050
1.017

1.599
1.164
1.060
1.037

1.592
1.182
1.092
l1.088

1.606
1212
1.137
1.142

1.6268
1.250
1.180
1.191

E/RT

2.980
2.956
2.958
2.960

34315
3,282
3,289
34303

34636
3.590
3.673
2,798

3.871
3,916
h,102
4,381

L.Gyl
h.212
h.472
L, 800

4.2680
L. 459
Le 759
50147

H/RT

2000 °k

4.590
4.110
L. 003
3.9k

8/R

23,51
24.66
25,82
26.98

25.18
26.32
27.k8
28.58

26.49
27.59
28.83
30.08

27.46
28.72
30.28
31.60

26.38
29.53
31.20
32.85

29.20
20.66
32.14
33.95

P
10° atn

3. 728
8,448
2.418
T.421

5.602
1.275
3,645
1.117

T.403
1. 704
L.508
1.518

9.200
2,163
6.319
1.993

1.115
2.663

T+ 695
2.510

1,319
3.202
9551
54055

NN [+ S AR L RN RN [ RN RN | o B VRN ]

Lol VRN o
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Table 68 (continued)
Thermodynamic Properties of High-Density Air‘
log p/p, %= PV/RT E/RT E/RT 8/R o F n
10" atm
8000 %k
2.5 1.660 holi76 6.136 29.90 1.53%6 b
2,0 1,289 L, 722 6,011 31,42 3. 776 3
1.5 1.235 5¢148 6.3683 33.30 1.143 3
1.0 1.255 5.696 6.951 35,22 3,676 2
10,000 °x
2.5 1.737 54648 T+ 385 31.58 2.010 L
2.0 1.397 64148 T+ 545 33.45 5,114 3
1.5 1. 376 6.950 8326 35.69 1.593 3
1.0 1.466 8,149 9.615 38,68 5. 365 2

'Includaa correction for gas imperfection using second and third virial
coefficients based on the lennard-Jones potential for "air" moleculea.(l2)
Although quite crude at the higher temperatures where deviations from the
Lennard-Jones potential become significant and also where there is con-

siderable dissociation, this correction should siill be of the right order
of magnitude.
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